The double asymmetry model
As global change induces more and more extreme climate events (Field et al., 2012) , temporal variability in precipitation is likely becoming larger than ever. How land ecosystems respond to the stronger temporal variability in precipitation is a new frontier research area for ecologists (Reichstein et al., 2013; Niu et al., 2014) . In this issue of New Phytologist frame a new conceptual model to understand responses of aboveground net primary production (ANPP) to stronger temporal variability in precipitation.
'. . . which provides a crucial step to improving our understanding of how rainfall gradients impact on productivity of ecosystems across the world.'
Ecologists have extensively studied ecosystem responses to temporal and spatial variations in precipitation (Huxman et al., 2004) . Over a broad spatial scale, ANPP usually responds to precipitation nonlinearly; that is, ANPP linearly increases with increasing precipitation in its low range, but levels off in its high range. At a given location, however, ANPP has been usually found to respond in a linear manner to year-to-year variations in precipitation. Knapp et al. hypothesize a double asymmetric model: a positive asymmetric response of ANPP to nominal levels of interannual variability in precipitation and a negative asymmetric ANPP response to extremely low precipitation. The positive asymmetry shows a higher percentage in ANPP change in response to increasing than decreasing precipitation. The negative asymmetry describes negative impacts of extreme dry periods on ANPP as being much greater than positive effects of extreme wet periods.
Other ecosystem processes in response to extreme precipitation variability
The double asymmetry model is proposed to characterize responses of ANPP to temporal variability in precipitation. Other ecosystem processes likely respond quite differently from ANPP to extreme precipitation variability due to different mechanisms. For example, increased precipitation stimulated belowground net primary production (BNPP) to a much lesser extent than ANPP, as shown by meta-analyses of results from manipulative experiments (Wu et al., 2011; Zhou et al., 2016) . Oddly, both decreased precipitation (i.e. drought) and higher rainfall slightly increased soil organic carbon (SOC) as revealed in a meta-analysis by Zhou et al. (2016) . The various responses of BNPP and SOC to precipitation among different ecosystems may be partly due to antecedent precipitation, manipulative magnitudes, and the vegetation types. By contrast, a transect study along a precipitation gradient from 340 to 1100 mm found that BNPP and soil carbon (C) content were largely constant ( Fig. 1 ; Zhou et al., 2009) . Responses of BNPP and soil C content to precipitation are regulated by a suite of mechanisms, such as C allocation to the root vs the shoot, root turnover time, and species composition. When soil-water resource changes over seasons due to altered precipitation, plants usually adjust C allocation to balance aboveground and belowground functions, resulting in changes in root : shoot ratios. When precipitation changes over longer time scales (i.e. years or decades) root turnover time (or longevity) and plant species composition may change, leading to different patterns of changes in BNPP and soil C content from that for ANPP. Thus, it is critical to understand adjustments in root : shoot ratios, root turnover time, and species composition as key mechanisms underlying responses of belowground C processes to changes in precipitation.
Microbial community structure and long-term ecosystem processes (e.g. mineral assemblage, soil development, soil texture, aggregate stability) may also regulate response patterns of belowground C processes to changing precipitation. For example, along a precipitation gradient from 430 to 1200 mm, soil respiration from grasslands increased linearly with mean annual precipitation (MAP) in the Great Plains, USA (Zhou et al., 2009) . Moreover, across 24 arid and semi-arid ecosystem sites along a precipitation gradient from 100 to 400 mm in the Mongolian Plateau, China, microbial biomass, fungal biomass, bacterial biomass, and actinomycete biomass all increased with MAP (Chen et al., 2015) . Soil bacterial abundance decreased with the precipitation gradient while bacterial diversity was independent of the precipitation gradient from 100 to 400 mm in a Mediterranean ecosystem (Bachar et al., 2010) . Collectively, these observations highlight the importance of precipitation for a range of belowground processes central to ecosystem function.
Manipulative experiments to test the double asymmetry and other hypotheses
The positive asymmetry outlined in Knapp et al. is based primarily on the response ratio of ANPP under increased or decreased precipitation compared with that under control conditions (Knapp & Smith, 2001; Wu et al., 2011; Unger & Jongen, 2015) . When observed ANPP is regressed against precipitation over years, the positive asymmetry is not very obvious. By contrast, the negative asymmetry is primarily derived from spatial analysis or modeling Zhou et al., 2008; Zscheischler et al., 2014) due to the rare natural occurrence in extreme drought years. To gain empirical evidence on ecosystem responses to large variations in precipitation, it is imperative to conduct field-gradient experiments, with multiple levels of precipitation, in different types of ecosystems around the world (Fig. 2) . These multi-level precipitation experiments are complementary to the existing experiments that mostly have two or three levels of precipitation treatment.
Such field experiments may offer opportunities to investigate a suite of critical issues related to the double asymmetry hypothesis and other hypotheses. Examples are: 1. How best can we detect the positive asymmetry within the nominal variability in precipitation? 2. How soon can we detect the negative asymmetry once the extreme precipitation treatments are imposed? 3. At what levels of precipitation would the thresholds occur for the positive and negative asymmetries? The gradient precipitation experiment in the southern Great Plains was set up in a tallgrass prairie near Washington, OK, USA (34°58 0 54″N, 97°31 0 14″W) and started running in April 2016 to study responses of prairie ecosystems to altered precipitation. There are seven levels of precipitation treatment: 0%, 20%, 40%, 60%, 80%, 100% and 150% of ambient precipitation. The altered precipitation is achieved by constructing a roof above each of the 3.6 m 9 3.6 m plots. For 0% of ambient precipitation treatment, corrugated clear plastic sheets are used to exclude all precipitation and for the rest of the six treatments, the same number of 'U'-shaped clear plastic tubes are placed in different directions to intercept precipitation. (b) A manipulative experiment was set up in an alpine meadow in the eastern Qinghai-Tibet Plateau in 2015 to simulate a precipitation gradient. The experiment has five 2 m 9 3 m plots for each of eight levels of precipitation (0, 1/12, 1/4, 1/ 2, 3/4, 1 and 5/4 times ambient, which equals 30, 140, 280, 420, 560, 700 and 840 mm, respectively, in average year). The varying levels of precipitation are achieved using combinations of water catchment and rainout shelters. The rainout shelter is used to reduce precipitation. The fixedlocation shelter, with a roof consisting of curved, transparent acrylic bands, blocks different amounts of rainfall. Fiberglass plates are inserted down to a depth of 40 cm in the soil surrounding the plots to cut off lateral movement of soil water. The devices help achieve the goal of a free-air controlled experiment with minimal site disturbance. To test the earlier mentioned hypotheses, multi-level precipitation experiments may have to be supported by modeling and other experiments (Luo et al., 2011) . Results from these experiments will likely reveal emergent properties of ecosystems as precipitation is shifting to extremely variable regimes. The emergent patterns will become exceptionally valuable for benchmarking models. Future advances in this research area will, at least partially, be underpinned by the double asymmetry model proposed by Knapp et al. , which provides a crucial step to improving our understanding of how rainfall gradients impact on the productivity of ecosystems across the world.
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